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ABSTRACT
Stride Length-Speed Relationship of Unloaded Running.
By
Carmen Lindal Kaur Chona
Dr. John Mercer, Examination Committee Chair
Professor of Kinesiology
University of Nevada, Las Vegas
The purpose of this study was to determine if body weight support influences the
stride length-speed relationship. Additionally, the purpose was to determine if impact
characteristics of running are influenced by body weight support and speed. Subjects
(n=10; 6 female, 4 male) volunteered to participate in this study. All subjects were injury
free and were comfortable running on a treadmill for 30 minutes. Subjects ran on a lower
body positive (LBPP, Alter-G, G-Trainer) treadmill for 4 conditions of body weight (100,
40, 30 and 20% of body weight) and 4 running speeds (100, 110, 120 and 130% of the
preferred speed). Subjects ran at each trial for 1 minute. Leg acceleration and stride
length were recorded using an accelerometer mounted on the distal anterior-medial aspect
of the tibia. Dependent variables (stride length, leg impact acceleration) were compared
using 4 (speed) x 4 (body weight) repeated measures ANOVAs. It was determined that
stride length was influenced by speed (p<0.05) and body weight (p<0.05) but not the
interaction of speed and body weight (p>0.05). Leg impact acceleration was influenced
by the interaction of speed and body weight (p<0.05) such that leg impact accelerations
increased across speeds at each body weight condition (p<0.05). Practitioners should be
aware of the influence manipulating speed and body weight support has on running
mechanics when designing a rehabilitation program.

iii

ACKNOWEDGEMENTS

I would like to take the opportunity to first and foremost thank Dr. Mercer, for
without his guidance and assistance this thesis would not have been possible. I came
away from this experience with so much more than simply a better understanding of the
research process and I cannot thank him enough for that. Without his tireless effort and
confidence in this project, none of this would have been possible. I would also like to
thank the rest of my committee members, Mrs. Samuel, Dr. Tandy and Dr. Lough.
Thank you for everything that you have done and for your continual support. A huge
thanks to Kendal Galor and Jared Beier; I could not have conducted this research without
your help and I am so grateful for you. I also would like to thank the guys in the
biomechanics department: Josh, Kyle, Dan and Andrew: you guys didn’t need to help me
much as you did, but you took the time to teach me the way of biomechanics. Thank you
for everything you have done; for letting me take over your lab and showing an athletic
trainer the ropes! To my family: thank you for always being there pushing me, believing
in me, telling me to breathe and for always keeping me moving forward. Finally, I need
to thank my friends and family in the athletic training department. The friendships we
have made over the past years will never be forgotten. “Good bye may seem forever.
Farewell is like the end, but in my heart is the memory and there you will always be”
(Walt Disney Company). Thank you from the bottom of my heart.

iv

TABLE OF CONTENTS
ABSTRACT ....................................................................................................................... iii
ACKNOWLEDGEMENTS ............................................................................................... iv
LIST OF TABLES ............................................................................................................. vi
LIST OF FIGURES .......................................................................................................... vii
CHAPTER 1 INTRODUCTION ........................................................................................ 1
Purpose of the Study ............................................................................................... 2
Significance of the Study ........................................................................................ 3
Hypotheses .............................................................................................................. 3
Definition of Terms................................................................................................. 3
CHAPTER 2 REVIEW OF RELATED LITERATURE .................................................... 5
Introduction ............................................................................................................. 5
Over-Ground Walking and Running ....................................................................... 5
Treadmill vs. Over-Ground Walking and Running ................................................ 6
Body-Weight Supported Gait ................................................................................. 7
Lower Body Positive Pressure Treadmill ............................................................... 8
Tools ..................................................................................................................... 12
CHAPTER 3 METHODOLOGY ..................................................................................... 14
Subject characteristics ........................................................................................... 14
Instrumentation ..................................................................................................... 14
Procedure .............................................................................................................. 16
Data Reduction...................................................................................................... 17
Statistical Analysis ................................................................................................ 17
CHAPTER 4 RESULTS ................................................................................................... 19
Stride Length ......................................................................................................... 19
Leg Impact ............................................................................................................ 21
CHAPTER 5 DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS .......... 23
Discussion of Results ............................................................................................ 23
Conclusion ............................................................................................................ 29
Recommendations for Further Studies.................................................................. 29
APPENDIX ....................................................................................................................... 31
REFERENCES ................................................................................................................. 45
VITA ................................................................................................................................. 50

v

LIST OF TABLES
Table 1
Table 2
Table 3
Table 4

Descriptive Data .............................................................................................. 14
Stride Length Means and Standard Deviations................................................ 20
Leg Impact Means and Standard Deviations ................................................... 20
Leg Impact Acceleration Planned Comparisons .............................................. 22

vi

LIST OF FIGURES
Figure 1
Figure 2
Figure 3
Figure 4
Figure 5

Alter-G Treadmill ........................................................................................... 13
Alter-G Shorts ................................................................................................ 15
Placement of Accelerometer........................................................................... 15
Illustration of Stride Length ........................................................................... 19
Illustration of Leg Impact Acceleration ......................................................... 21

vii

CHAPTER 1
INTRODUCTION
Running with body weight support is a current mode for rehabilitation of exercise
following an injury. Lower body positive pressure (LBPP) treadmills have been one
method of reducing body weight during running. A LBPP treadmill uses differential air
pressure to lift the patient, effectively reducing their body weight, allowing them to
ambulate with reduced ground reaction forces.1,2,3,4 A clinician can take advantage of
such a system of rehabilitation of injured patients to try and return gait to normal while
minimizing the risk of further injury that would result from high ground reaction forces.
However, ideally, a clinician does not want to perform an activity that alters the patients
normal gait pattern.
There is a growing body of research on the biomechanics of running at reduced body
weight via a LBPP treadmill.2,3,5, 6,7,8 For example, it is known that as body weight
support increases, ground reaction forces decrease.9,2,5 Also, lower extremity muscle
activity is influenced by the magnitude of body weight support. 3,6,7 Since body weight
support influences kinetics and muscle activity, it may be that a runner uses a different
gait pattern as body weight support is provided. However, there is no information on the
basic kinematic descriptors of a running gait such as stride length or stride frequency.
There is a wealth of information on factors that influence stride length. For example,
it is known that stride length is closely related to running speed.10,11 Specifically, as
speed increases so does stride length.10,11,12 Furthermore, it is often hypothesized that a
runner will select a specific stride length or stride frequency that results in the most
economical running pattern for a given speed.2,8 However, there is no information about
1

how body weight support may influence the relationship between stride length and speed.
This information is important because these parameters give insight into preferred gait
pattern of a runner and may influence decisions about magnitude of body weight support
to provide during rehabilitation. Likewise, it is known that impact characteristics are
influenced by stride length13,14,15,10,11 which points to the importance of understanding
how stride length is influenced by body weight support. Therefore, the purpose of this
study is to determine if body weight support influences the stride length-speed
relationship. Additionally, the purpose is to determine if impact characteristics of
running are also influenced by body weight and speed
It is hypothesized that when speed increases, stride length will increase for all body
weight support. Furthermore, as body weight is reduced to 40% and 30% of body
weight, stride length with remain the same when compared to full body weight running
while running at all speeds. Additionally, as body weight is reduced to 20% of body
weight, stride length with increase when compared to full body weight running at all
speeds. The null hypothesis is there will be a change between body weight support and
speed.

Purpose of the Study
The purpose is to determine if body weight support influences the stride length-speed
relationship. Additionally, the purpose is to determine if impact characteristics of
running are also influenced by body weight and speed.

2

Significance of the Study
Rehabilitation tools are always being sought out that will allow athletes and patients
to return to daily activity as quickly and safely as possible. It is also important for the
clinician to protect the patient post injury while still allowing for healing and growth.
LBPP treadmills seem to be an ideal tool for clinicians to use with patients post injury
because it allows for early movement while continuing lower body range of motion
without the stresses of over-ground walking or running. If the LBPP treadmills allow
patients to perform full range of motion of the lower extremity as well as maintains the
ability to perform a normal stride while running partial weight bearing, this tool will be a
significant asset for gait re-training as well as the maintenance of running mechanics for
those who participate in running events. Additionally, it would be a good guide for
rehabilitation using LBPP treadmill to know how impact changes for running at different
speeds at reduced body weight.

Hypotheses
1. As running speed increases, stride length will increase.
2. As body weight is reduced to 40% and 30% of body weight, stride length with
remain the same when compared to full body weight running.
3. As body weight is reduced to 20% of body weight, stride length with increase

when compared to full body weight running
Definition of Terms
The following definitions are given for the purpose of clarification:
Gait: The manner or style of walking or running.
3

Lower Body Positive Pressure treadmill: the use of air to exhibit an upward force on the
runner; differential air pressure in a pressurized chamber creates an un-loading affect
paired with a treadmill.
Step: an act or movement of putting one leg in front of the other in walking or running.
Stride length: The distance between two successive placements of the same foot,
consisting of two step lengths.
Stride frequency: The time between two successive placements of the same foot.
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CHAPTER 2
REVIEW OF RELATED LITERATURE
Introduction
Gait has been studied and observed for a number of years, but new technology has
improved the basis of measurements as well as new thought towards the process of gait
analysis. Human gait is very complex and can be viewed in multiple planes as well as in
different conditions such as the speed of movement, varied surfaces and how injury may
alter gait patterns. In order to understand the complexity of movements and how gait is
affected while unloaded, over-ground gait must be understood.
Over-ground Walking and Running
Gait mechanics change between surfaces and speeds.10,11,15 Andriacchi et al. (1977)
observed patients walking at normal, fast and slow walking speeds. Results showed that
step length and cadence varied linearly with speed; while walking speed increased, step
length and cadence increased. Also, as walking speed increased, swing and support time
was decreased. Furthermore, it was reported that when walking speed increases, stride
length and stride frequency are increased.10 When patients increased speeds to running,
stride length and running speed as well as stride frequency and running speed were
strongly correlated.9,10
Another characteristic of gait mechanics is shock attenuation. Shock attenuation is
“the process of reducing the impact magnitude between the leg and the head” (Mercer at
al. 2002). When speed increases, shock attenuation also increases.10,11,13,14
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Treadmill vs. Over-ground Walking and Running
Nigg et al. (1994) and Riley et al. (2008) tested subjects running on treadmills
compared to over-ground running. These studies examined kinematics of running and
reported that joint kinematics changed between treadmill and over-ground running.16,17 It
was, however, concluded that changes between treadmill and over-ground running were
“unpredictable” (Nigg et al. 1994). Fellin et al. (2010) concluded that over-ground and
treadmill running were similar. It is clear that research continues to be inconclusive on
the relationship between treadmill and over-ground running.
Riley et al. (2008) reported that there was a significant decrease while treadmill
running compared to over-ground running. However, Kluitenberg et al. (2012)
concluded that ground reaction forces for heel-strike runners and non-heelstrike runners
between over-ground and treadmill running are similar. In a study performed by
Kluitenberg et al. (2012), 24 runners volunteered for a study to record and analyze
ground reaction forces. Forces were measured at three different speeds; their preferred
speed, slower speed and a faster speed. A force platform was used and placed on a
runway to determine ground reaction forces; treadmill measurements were recorded by
using an instrumental treadmill. Ground reaction forces were recorded for the last 30
seconds of 3 speeds: slow, preferred and fast speeds. Results of this study showed that
landing strategy were similar throughout the experiment, however slower runners did not
show consistent landing strategies. Where there were differences in landing patterns
ground reaction forces could not be compared, however over-ground and treadmill
running showed similar ground reaction forces. Because running ground reaction forces
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are similar between over-ground and treadmill, it can be deduced that studies performed
on treadmills can carry out to over-ground running.
In order to better understand risk of injury and injury occurrence comparing overground and treadmill running, tibial tress can also be calculated. Milgram et al. (2003)
was able to measure in vivo strain measurements of the tibia through surgical of
implantable strain gages. Results of this study showed that the compression strain rates
and the tension strain rates of the tibia were 48-285% higher while over-ground running
when compared to treadmill running. Milgram et al. (2003) concluded that over-ground
running leads a higher risk of tibial stress fractures as well as an increased risk of other
stress fractures and knee and hip arthritis. However strong the argument is to support
treadmill running, limitations of this paper must be noted: only three participants were
involved in this study and the methods were not clearly explained. Further research is
needed to validate that treadmill running is a safer alternative to receive the same health
benefits as over-ground running.
Body Weight Supported Gait
Prior to the technological advancement in unloaded running, which lead to the
creation of LBPP treadmills, harnesses and pulley-systems were used to unload runners.
Threlkeld et al. (2003) performed a study, Temporospatial and kinetics gait alterations
during treadmill walking with body weight suspension, using a pulley-system to unweight participants. Seventeen volunteered participated in this experiment all of whom
have had previous experience on treadmills. Participants were fitted for a commercial
pneumatic body weight supported (BWS) device and a harness assembly. All
participants walked on a treadmill at a constant rate of 1.25 m/s at 5 conditions of BWS.
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Gait was collected by using reflective markers and a motion analysis system. Under each
condition, the subject’s walked for 1-3 minutes with 9-12 consecutive stride cycles
analyzed. Subjects walked at minimal, 10, 30 50, and 70% BWS. Results show that
kinematic patterns of the lower extremity were significantly altered when subjects were
between 50 and 70% BWS when compared to 10% BWS. Furthermore Threlkeld et al.
(2003) stated that for rehabilitation purposes, support levels of 10 and 30% resulted in the
lowest amount of alteration to gait kinematics. However, if the goal is not orientated
around gait, such as an increase in range of motion, other BWS may be indicated.
Aaslund et al. (2008) also performed a study involving a harness to create body
weight support while treadmill walking; their study was to perform gait analysis as well
as to measure trunk movements during BWS. Unlike Threlkeld et al. (2003), Aaslund et
al (2008) compared treadmill walking with no support and without the harness and 30%
BWS while walking at a set speed on the treadmill. The researchers compared walking
over an 11 m stretch to walking at 3 set speeds while on the treadmill, with and without
the harness. Results showed the harness used restricted movement of the trunk which
may have, in turn, reduce shock absorption.
Lower Body Positive Pressure Treadmill
Robert Whalen was a student of Ames research Center studying the biomechanics of
exercise when he developed the idea of using differential air pressure treadmill that
would allow astronauts to train. Because of the lack of gravity in space, astronauts must
train in such an environment to prevent bone loss and muscle atrophy. Whalen went on
to work for NASA where he developed training routines for the astronauts. His research
developed around the idea that astronauts require a functional loading while exercising in
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order to maintain muscle tone and strength. Later in his career, Whalen patented the idea
of using differential air pressure, the same technology NASA used to load astronauts, to
unload individuals; the air pressure would be reversed to reduce body weight. The
company Alter-G then used this idea to create the G-Trainer, and un-weighted treadmill
using differential air pressure for rehabilitative purposes.
Multiple case studies show the use of unloaded gait technology for the use of postsurgical cases as well as rehabilitation cases. Simpson et al. (1996) wrote a case study
about a patient who experienced lumbar disc injury and used the Incremental Weightbearing System to unload the patient while recovering from her injury. Simpson et al.
(1996) stated that this technology allowed for “specificity of training” meaning the
patient was able to perform the running task without risk of harm to the patient of further
increasing the injury. “A primary goal of this program was to allow this athlete to
continue to train during the healing process” (Simpson et al. 1996). Along with the
ability to perform the running task, Simpson et al. (1996) noted that the overall energy
expenditure allows the patient to increase running speeds. Finally, compliance was never
an issue because the patient was able to maintain a set level of fitness while unloaded
when it would not have been achieved elsewhere. Teneford et al. (2012) and Saxena et
al. (2011) also performed rehabilitation studies on individual’s using the Alter-G GTrainer treadmill. The patient in Teneforde et al. (2012) study was a female collegiate
runner who sustained a stress reaction injury to the left ileum. Soon after diagnosis, the
athlete was prescribed to run between 50 and 70% body weight on the G-Trainer, but had
pain after the work out, so running was terminated for 1 week. By week 5, the athlete
was able to run on the G-Trainer at 50% body weight. The athlete was able to progress
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their running progression and slowly increasing the amount of body weight support. 10
weeks after diagnosis, the athlete was released for full activity and was able to complete
pain-free.
Limited research is available involving lower body positive pressure (LBPP)
treadmills, specifically on the Alter-G G-Trainer treadmill involving gait, yet there has
been research performed using muscle activation as well as joint kinematics during gait.
Liebenberg et al. (2010) were interested in discovering how muscles are influenced by
BWS, specifically the major muscles of the lower extremity. There were ten subjects in
the study, all denied injury and reported to run about 5 miles a week. Participants were
asked to select a speed they could maintain for a 30 minute run; this was their preferred
speed. The methods consisted of 15 running conditions; 3 different speeds at 5 different
body weight percentages. The conditions were ordered from low speed to high speed as
well as high to low body weight with each condition lasting between 1 and 1.5 minutes.
The results of this study showed an increase in EMG activity with an increase in speed.
Also, EMG activity decreased as body weight decreased. Liebenberg et al. (20120) also
came to the conclusion that by running at reduced body weight may be beneficial for the
injured athletes who are trying to maintain fitness and muscle activation. Underwater
running was also mentioned, but was countered by the fact that a runner would have to
increase the intensity of an aquatic workout versus a reduced body weight treadmill
workout.
Hunter et al. (2014) also performed a study using the G-Trainer treadmill with their
purpose being to determine and measured EMG activity of multiple muscles of the lower
extremity for runners. This study was performed using male, collegiate runners who
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reported no injury and had been constantly training for the past 6 months. Wireless
electrodes were placed on 12 lower extremity muscles and muscle activity was recorded.
Results were similar to results of many other EMG studies; as body weight support
increased, muscle activity decreased. However, there was no trend in activity with the
hip adductors or the medial and lateral hamstrings during certain stances of running. The
result of no real change in muscular activity within the hamstring group was unexpected.
Exercising while unloaded has an impact on the individual both at a muscular level as
well as at a physiological level. Respiratory response and VO2max are both aspects of
exercise that intrigue researchers and how they are affected while running unloaded.
Raffalt et al. (2013) not only performed research about the effects of body weight support
on VO2 max, but also how body weight support affects ground reaction forces as well as
gait characteristic. 12 participants performed the study; they performed 3 sessions on
either a G-Trainer treadmill or a regular treadmill. The first 2 days participants
performed a VO2max running test on both treadmills where they performed the test until
exhaustion. The third trial was a series of 3, 12-minute steady-state submaximal trials.
Results showed that the participants had a longer time to exhaustion while running on the
G-Trainer (34.5%). It was also determined that there was a significant decrease in
VO2max when body weight was decreased. Furthermore, heart rate and ventilation
decreased when body weight decreased and speed increased. In agreement with previous
studies, vertical ground reaction forces (vGRF’s) decreased with reduced body weight
and increased with an increase in speed. Raffalt et al. (2013) also found that when body
weight support decreased contact time also decreased and flight time increased. A
significant decrease was determined in the swing phase at low body weight with an

11

increase in speed. Finally, Raffalt et al. (2013) found step length increased with higher
speeds and lower body weight. It was concluded that the G-Trainer is a good training
tool for athletes; participants are able to perform at higher speeds while running at
reduced body weight. It was stated, however, that a LBPP treadmill is not ideal to obtain
a true VO2max while running unloaded. With that being said, it was stated that “[t]he
combination of high aerobic stimuli, an almost normal movement pattern, and low
vGRF’s makes the LBPP treadmill highly relevant for rehabilitation training and low
impact for athletes” (Raffalt et al. 2013).
Research has been performed on the reliability and usefulness of LBPP treadmills
including the Alter-G products, but there is limited conclusive evidence providing proper
parameters in which clinicians should be using for their patients in a rehabilitation
setting. Some clinicians provide feedback at which parameters they use clinically, but
there is little evidence to support when you use specific body weights. Saxena (2013),
for example, described that typically 30-50% on the Alter-G is used for their patients in
rehabilitation. In order to determine parameters indicated for rehabilitation on LBPP
treadmills more research must be performed.
Tools
An accelerometer is a tool that is typically used to measure the acceleration of a limb
in research for both humans and animals. There are many different designs and types of
accelerometers but they all work on the same principles. Texas Instruments describes
acceleration as the time rate of change of the time rate of change of distance. Watanabe
et al. (2009) used the accelerometer and the gyroscope to determine stride length of their
subjects. When using the accelerometer it is important that the device is mounted
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properly which may be done by using tape or other adhesive devises. Texas Instruments
also warns that one should also be aware of any loose wires, which may cause false
signals. Mercer et al. (2002) positioned the accelerometer on the distal antero-medial
aspect of the lower leg due to the low amounts of soft tissue to the area.

Figure 1: Alter-G Treadmill. Alter-G, Inc.; model: G-Trainer Pro Version 1.20; Lower
body positive pressure treadmill.
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CHAPTER 3
METHODOLOGY
Subject Characteristics
Ten subjects (Table 1) volunteered to participate in this study and were free from
injury. They gave signed informed consent approved by the host institution. Inclusion
criteria for the subjects included the ability to run comfortably on a treadmill for at least
30 minutes with little discomfort or fatigue.
Males
Females
4
6
n
21.80 ± 2.22
19.50 ± 1.38
Age (years)
95.10 ± 2.29
81.30 ± 13.38
Mass (kg)
1.73 ± 0.04
1.80 ± 0.10
Height (m)
Table 1: Descriptive Data. Descriptive data for all subjects

Instrumentation
A LBPP was used for all body weight conditions (Figure 1). The treadmill provides
body weight support by using differential air pressure to lift the subjects. The subjects
wore Alter-G shorts, similar to a pair of kayak shorts, that zipper into a bubble like
apparatus (Figure 2). This treadmill has the capability to be set at 100% weight bearing
(i.e., no upward directed force) and as little as 20% weight bearing by increments of 1%.
To measure stride length and leg impact, an accelerometer (PCB Piezotronics) was
used. The accelerometer was secured to the anterior-distal medial aspect of the tibia. To
secure the device, an elastic wrap was used and tightened to subject tolerance. The
sensitive axis of the accelerometer was aligned parallel to the long axis of the tibia.
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Figure 2: Alter-G shorts. The Alter-G shorts were fitted and the accelerometer wire was
fed through the top of shorts.

Figure 3: Placement of Accelerometer . The accelerometer was placed on the distal
antero-medial tibia, secured with an elastic band and medical tape.
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Procedure
The subjects were fitted to the proper size Alter-G shorts and a researcher applied the
accelerometer to their right leg. Each subject was wearing a pair of laboratory shoes that
was provided to them. The subjects then were secured to the LBPP treadmill and were
blinded to the conditions on the treadmill by covering the treadmill display. After secured
to the device, subjects were given the opportunity to perform a warm up of their choice
for up to 10 minutes. At this time, the procedures to the study were explained. After the
subjects completed their warm up, their preferred speed was determined. This was done
by having the subject run on the treadmill and self-select a running speed that was a
comfortable “preferred speed” that could be maintained for 30 minutes without fatigue.
Subjects gave instructions to the researcher to increase or decrease the speed with the
actual speed display hidden from the subject’s view. When the speed was determined,
the treadmill was stopped and this process was repeated 3 times. The average speed was
taken and used as the subjects preferred speed.
Subjects completed a total of 16 different running conditions consisting of different
speed and body weight combinations. Running speeds consisted of a preferred speed
(PS), 110, 120 and 130% of the preferred speed. Body weight conditions consisted of
100, 40, 30 and 20% weight bearing. Subjects ran at all speeds for each body weight
condition.
Subjects ran in order of increasing speed, starting with preferred speed leading up to
the fastest speed (130% PS). Subjects also ran in order of decreasing body weight
percentages. The starting body weight percentage was set to full weight bearing (100%)
and was decreased to the lowest body weight percentage (20%).
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Leg acceleration data were collected for 20 seconds (sample rate = 1000 Hz). Each
condition lasted at least 1 minute in order to allow a 30 second acclimation period and a
30 second recording period. The subject ran at the given speed and body weight for at
least 30 seconds before data were collected.

Data Reduction
A custom program in Matlab (version 6.1.0.450) was used to process the data. For
each data set, 11 consecutive impact peaks were identified, recorded (both magnitude and
time) and used to determine stride frequency stride length. However, for subjects 6 and
7, only 10 peaks were identifiable; for those subjects only 10 peaks were used. Stride
frequency was calculated by taking the inverse of the time between consecutive impact
peaks (i.e., 1/stride time). Stride length was calculated by dividing velocity by stride
frequency; the velocity is the speed in which the treadmill is set for each subject,
therefore stride length was then determined (velocity = stride length x stride frequency;
or, stride length = velocity / stride frequency). The stride length and impact
accelerations used in the statistical analysis were the average of all strides calculated for
that subject-condition combination.

Statistical Analysis
The dependent variables in this study were stride length and leg impact
acceleration. The independent variables in this study were body weight and speed. Each
dependent variable was compared across conditions using a 4 (speeds: 100, 110, 120,
130% PS) x 4 (body weight conditions: 100, 40, 30, 20%) repeated measures
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ANOVA. The alpha level was set at α=0.05. If there was a significant interaction
between Speed and Body Weight, simple effects contrasts were used to determine
significant differences between the conditions. Comparisons were made for stride length
between low body weights for all speeds (20 vs. 30%, 20 vs. 40% and 20 vs.
100%). Comparisons for leg impact were made at all running speeds for all body weight
conditions (100 vs. 110%, 100 vs. 120%, and 100 vs. 130%).
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CHAPTER 4
RESULTS
Stride Length
There was not a significant interaction between body weight and speed (Figure 4
Table 2; F= (9, 24), 1.604, p=0.130). Stride length was influenced by body weight (Figure
4 Table 2; F (3, 24) =21.172, p<0.001). Pairwise comparisons revealed that at all speeds
stride length was not different at low body weight (40, 30 and 20%). Stride length was
influenced by speed (Figure 4 Table 2; F (3, 24) =21.172, p<0.001) such that as speed
increased, stride length increased regardless of body weight support.

Stride Length

110% Speed

3.1

120% Speed

2.9

130% Speed

2.7
2.5

2.3
2.1

Stride Length (m)

100% Speed

1.9
1.7
1.5
120

100

80
60
40
Effective BW (% of BW)

20

0

Figure 4: Illustration of Stride Length. Illustration of Stride Length (SL) while running at
conditions 100, 40, 30 and 20% effective body weight (BW) at 100, 110, 120 and 130%
of the preferred speed.
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Effective Body
Weight

100%
40%
30%
20%

100%
1.98±0.21

Percent of Preferred Speed
110%
120%
2.19±0.23
2.40 ± 0.26

130%
2.54±0.24

2.29±0.26

2.57±0.30

2.71 ±0.31

2.92±0.32

2.35±0.25

2.56±0.26

2.74±0.27

2.99±0.34

2.29±0.28

2.52±0.32

2.57±0.30

2.28±0.34

Table 2: Stride Length (m) Means and Standard Deviations. Presentation of means and
standard deviations for stride length during each condition. Columns represent the speed

Effective Body
Weight

used as a percent of the Preferred Speed and rows represent the effective body weight.

Percent of Preferred Speed
110%
120%
5.01±1.20
5.55±1.19

100%

100%
4.53±1.37

130%
6.30±1.58

40%

2.91±0.60

3.46±0.99

3.82±1.17

4.39±1.53

30%

3.24±0.98

3.42±0.96

3.80±1.20

4.16±1.23

20%

3.10±1.00

3.59±1.14

3.60±1.23

4.05±1.54

Table 3: Leg Impact Means and Standard Deviations. Presentation of means and standard
deviations for Leg Impact Acceleration (g) during each condition. Columns represent the
speed used as a percent of the Preferred Speed and rows represent the effective body
weight.
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Leg Impact Acceleration

Leg Impact

7.00
6.00

4.00
100% Speed

3.00

110% Speed

Leg Impact (g)

5.00

2.00

120% Speed

1.00

130% Speed

0.00
120

100

80
60
40
Effective BW (% of BW)

20

0

Figure 5: Illustration of Leg Impact Acceleration. Leg Impact (g) while running at
conditions 100, 40, 30 and 20% body weight (BW) at 100, 110, 120 and 130% of the
preferred speed (PS)

There was a significant interaction between body weight and speed. Leg impact was
influenced by the interaction of speed and body weight support (Figure 5, Table 3; F= (9,
81),

2.023, p=0.047). Planned comparisons determined, that leg impact acceleration was

different between 20% body weight support and all other support conditions at each
speed (Table 4) (p<0.05).
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Leg Impact Acceleration Planned Comparisons
Body weight
Speed
vs.
Body weight
Speed
20
100
vs.
20
110
20
100
vs.
20
120
20
100
vs.
20
130
30
100
vs.
30
110
30
100
vs.
30
120
30
100
vs.
30
130
40
100
vs.
40
110
40
100
vs.
40
120
40
100
vs.
40
130
100
100
vs.
100
110
100
100
vs.
100
120
100
100
vs.
100
130

p Value
0.000
0.001
0.000
0.009
0.005
0.005
0.021
0.004
0.002
0.000
0.001
0.000

Table 4: Leg Impact Acceleration Planned Comparisons. Leg impact acceleration
planned comparisons between 20% effective body weight support and all support
conditions.
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CHAPTER 5
DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS
Discussion of Results
The purpose of this study was to determine if body weight support influences the
stride length-speed relationship. It was determined that stride length was not influenced
by the interaction between body weight and speed; however, there was a relationship
between speed and stride length as well as body weight and stride length. Specifically,
the most important observation of this study was that stride length increased across
speeds regardless of body weight.
Another important observation of this study was the relationship between body
weight support and stride length. When body weight support was increased such that
effective body weight was at most 40%, stride length increased. However, there was no
further change in stride length with increases in body weight support. This seems to
indicate that there is a threshold of body weight support after which, no further changes
in stride length are observed.
The stride lengths observed in this study were similar to previous work by Mercer et
al. (2002). For example, while running at 100% PS and 100% body weight, the present
study observed stride lengths of 1.98 m whereas Mercer et al. (2002) reported stride
lengths of between 2.40 and 3.68 when running between 50% and 100% of maximal
speed. A treadmill running study performed by Riley et al. (2008) had runners running at
a 10K pace whose mean stride length was 2.60 which is similar to the stride length for the
current study (1.98 to 2.54 m). A study by Raffalt et al. (2014) looked at stride
characteristics while running on a lower body positive pressure treadmill. Results of this
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study also had comparative results to the current study; at low body weights, swing time
increased when compared to high body weight. The flight phase also increased with
running speed and body weight support. During this study performed by Raffalt et al.
(2014), running speeds for 10, 14, 18, 20 and 22 km/hr were similar speeds to the current
study, which ranged from 7.7 to 14 km/hr. Stride length ranged from 1.02 m to 2.09 m
which is also similar to the results of the current study (1.98 m to 2.54 m).
The impact characteristics observed in this study were similar to previous work by
Mercer et al. (2002). For example, while running at 100% PS and 100% body weight,
the present study observed impacts of between 4.53 and 6.30 g whereas Mercer et al.
(2002) reported impacts of between 6.1 g and 10.9 g when running between 50% and
100% of maximal speed while 100% weight bearing. Although little research has been
done on leg impact accelerations during body weight support running, impact
characteristics of the present study were similar to the study on ground reaction forces
performed by Ivanenko et al. (2013). Ivanenko et al. (2013) reported that when body
weight was decreased, ground reaction forces decreased. Likewise, Raffalt et al. (2014)
recorded ground reaction forces while subjects ran on a lower body positive pressure
treadmill and reported that as body weight was reduced, ground reaction forces decreased
linearly.
It was considered that the observations made in the present study were confounded by
different factors. For example, the study did not control experience with running on a
LBPP treadmill and it is not known if experience could influence the outcome of the
study. There was one subject who had past experience with training on the G-Trainer
treadmill and two subjects who have been on the treadmill before for various reasons.
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Future studies are needed to determine if experience is a factor influencing the outcome
of a study. For example, running in the LBPP may alter what the subject focuses on
during running since there is a new force applied at the waist area. There is no current
research that compares experienced lower body positive pressure treadmill runners to
unexperienced runners. Therefore it cannot be stated that the results of the current study
are skewed due to those with experience on the treadmill. That being said, the present
experiment allowed for similar time to accommodate to the body weight support
condition as reported in other studies (Mercer et al. 2010)
Subjects all ran in a pair of laboratory shoes; this may have resulted in altered gait for
the subjects especially if they are not used to that particular type of shoe. Finally the
apparatus of the Alter-G treadmill may have caused subjects to change the angle of swing
for their arms. The subjects who are of smaller stature with shorter arms may have
changed their normal running style due to obstruction by the device. However for the
taller and longer armed subjects they may not have had to alter their running style. Also,
if a subject was not experienced with the lower body positive pressure treadmill they
would be prone to an altered running style.
It is also not clear if fatigue affected the results. In this experiment, subjects needed
to complete a total of 16 running conditions; this took about 20 total minutes. Rest was
provided upon request. If no rest was requested, the subject ran consistently for those 20
or so minutes. In order to avoid such factors as fatigue, the subjects were instructed to let
the proctor know if they were too tired to continue or if they needed to stop for any
reason. Even though they were given said instruction, subjects may not have expressed
so. Also, is a runner was fatigued they may have altered gait patterns. This variable was
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controlled by determining a “preferred speed” as well as informing the runners they
would be running at 30% higher than their preferred speed to ensure they would feel
comfortable at those speeds. Subjects were also informed that if they did feel fatigued for
them to let the clinicians knows and the trial would either be paused or discontinued; no
subjects needed to stop due to fatigue. After many of the subject’s trials, subjects
reported feeling “heavy” but did not feel their legs were too fatigued.
The placement of the accelerometer may have affected the results of this study as
well. The same experimenter placed the accelerometer on each subject, however the
accelerometer may have slipped out of place or may not have been placed properly to
begin with. If the accelerometer was not secured properly it may have moved while
running, thus altering the impact characteristics recorded by the device. In order to
prevent this from being an issue, the device was secured properly and was tested on the
subject. At no point in the study did a subject complain of the accelerometer coming
lose. Furthermore, a no point during the removal of the accelerometer did the device
seem to have been improperly secured; the device continued to be in proper positioning.
Finally, impact peaks were identified using Matlab, a system where impact peaks are
manually identified. These peaks may not have been identified properly or peaks may
have been missed, which would in turn change the mean impacts as well as the stride
lengths and stride frequencies. In order to prevent the incorrect data points from being
used, the data points were critically analyzed for consistency, comparing impact points to
the other points during that set trial. Upon evaluation of the data points, two subjects
(subject 6 and 7) were re-run in the Matlab program due to inconsistency in the results.
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Clinicians involved in the rehabilitation process of orthopedic injuries may benefit
from the results of this study in order to more effectively use LBPP treadmill as a mode
of exercise in a rehabilitation program. As clinicians, the goal, often times, is for the
patient to return to activities of daily living as soon as possible while protecting the
patient from further damage. One limiting factor for exercise is how much impact a
patient can endure while running. From this current study, it was determined that impact
was lower across speeds at each body weight support condition. Therefore, the clinician
should be confident that a patient could use a LBPP treadmill in a way to modulate the
amount of impact received simply by manipulating speed.
A lower body positive treadmill is an ideal tool for early rehabilitation. Impact
results of this study can be used as a guide for clinicians to use for patients with specific
impact goals. Such a guide will be a great reference for clinicians to have a better
understanding of the impacts patients can ambulate. Rather than saying a patient can
ambulate partial weight bearing, clinicians can determine the weight bearing status and
use a LBPP treadmill to perform rehabilitation.
The ability to perform running movements at decreased impact is ideal to prevent
atrophy as well as to restore normal patterns of movement. Also, it seems that impact at
low speeds with higher effective body weight mimics impact at higher speeds with more
body weight support. With that being said, this means that a patient can run on a LBPP
treadmill at high speeds with more body weight support and the impact will be very
similar to impact at lower speeds while running with no body weight support. This
information is important for clinicians because it means that patients could train or
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perform rehabilitation at high speeds with body weight support and the impact will be
similar to lower speeds with no body weight support.
If goal of the rehabilitation being performed is to maintain or regain normal running
gait patterns, it is important to recognize that running at lower body weight, stride length
was greater. Therefore, lower body weights may not be ideal for patients who do not
want to alter gait mechanics. Overall, a LBPP treadmill will be an ideal tool for
clinicians who are trying to reduce the impact of the lower body while running.
However, if the goal is to maintain proper gait mechanics, lower body weights should be
used with caution. Interestingly, stride length did not change beyond running at 40%
body weight. If the gait change is warranted or will not affect the rehabilitation of the
patient, the gait pattern used may be similar while running at 20-40% effective body
weight. Most importantly, it is important to know the goal of a rehabilitation session
when deciding the LBPP body weight support level to use.
It is important to recognize the limitations of this study. For example, the present
study was limited to non-injured subjects who were fairly well conditioned as well as
comfortable running on a treadmill. One of the goals of this study was to determine
stride length while running at different speeds and body weight conditions; it is important
to study those without an antalgic gait because such gait may change the outcome of the
study. Subject in the study were also of a younger population with the average age being
about 20 years old and generally healthy. For the purpose of this study, age and gender
were not being compared or evaluated but all ages may benefit for a LBPP treadmill.
Since the LBPP treadmill is designed to allow people with injuries to run, it is important
that future studies include an injured population.
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Conclusion
The current study determined that with an increase in running speed and a decrease in
body weight, stride length is lengthened. Results of this study may help clinicians
involved in rehabilitation of orthopedic injuries determine when to initiate the
rehabilitation process for lower body injuries. If a LBPP treadmill is available, it may be
a useful tool for clinicians to perform gait training initially and progress into
cardiovascular exercises for an injured population since leg impact acceleration is
decreased with an increase in body weight support. Because of this, clinicians may be
able to use the impact characteristics of this study to determine what body weight support
to initiate at each stage of rehabilitation. Based upon an analysis of the results of this
experiment, it was concluded that at all speeds, stride length was not different at low
body weight (40, 30 and 20%); the stride length-speed relationship was not influenced by
body weight support. Also, it was concluded that leg impact acceleration was different
between 20% body weight support and all other support conditions at each speed.
Practitioners should be aware of the influence manipulating speed and body weight
support has on running mechanics when designing a rehabilitation program.

Recommendations for Future Studies
The next step in this process will be to determine specifically at what body weight
and speed stride length essentially lengthens significantly. Also, it would be interesting
to determine what impact characteristics are at lower body weight; it would be interesting
to see what the relationship between speed and impact at those low speeds and if impact
levels off when compared to multiple speeds. More studies can be conducted to
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determine specific joint measurements while un-weighted running. Furthermore, these
studies can also be compared to underwater running.
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APPENDIX
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32

33

34

35

36

37

38

39

40

41

42
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Subject #:
Height:
Age:
Gender:

PS
#1

Weight:

#2

Shoe Size:
PS:
PS x 110:
PS x 120:
PS x 130:

#3
Avg:

Condition
1

Body Weight
%
100

2

100

3

100

4
5

100
40

6

40

7

40

8
9

40
30

10

30

11

30

12
13

30
20

14

20

15

20

16

20

Speed
PS
PS x
110
PS x
120
PS x
130
PS
PS x
110
PS x
120
PS x
130
PS
PS x
110
PS x
120
PS x
130
PS
PS x
110
PS x
120
PS x
130

Time (min)
0-1:00
1:00-2:00

Data Collection:

2:00-3:00

after 30 seconds, collect for 15 seconds

3:00-4:00
5:00-6:00
6:00-7:00
7:00-8:00
8:00-9:00
9:00-10:00
10:00-11:00
11:00-12:00
12:00-13:00
13:00-14:00
14:00-15:00
15:00-16:00
17:00-18:00
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